INTRODUCTION
Grasslands cover a large fraction of the landscape in the European Alps. They vary in vegetation character-ABSTRACT: Climatic change and increasing atmospheric CO 2 concentration are expected to have significant effects on grassland ecosystems, but the magnitude of the responses may vary strongly across complex landscapes. A combination of the mechanistic pasture simulation model PaSim, statistical interpolation of climate parameters, and stochastic weather generation was used to examine the range and spatial distribution of the long-term responses of grazed grassland ecosystems to step changes in temperature and CO 2 across the 250 km 2 alpine Davos/Dischma region in Switzerland. 750 sites were considered, covering an altitude range from 1500 to 2700 m above sea level. PaSim was driven with sitespecific hourly weather data, georeferenced input data for topography, and soil and vegetation characteristics. A seasonally uniform temperature increase by 2°C raised the mean evapotranspiration (ET ) from about 200 to 300 mm yr -1 , and net primary production (NPP) from about 0.2 to 0.3 kg C m -2 yr -1 . Doubling CO 2 to 700 ppm partially offset the increase in ET, but caused an additional increase in NPP. The effects of the different scenarios on the simulated mean labile soil organic carbon content (C fast ) were small, and on the order of +1% due to increased temperature and + 5% due to increased CO 2 . Largest absolute changes in ET were obtained for sites with ample precipitation, whereas relative changes correlated best with altitude. Largest absolute changes in NPP were obtained for the most productive lower sites, whereas at higher sites absolute changes became small, but relative changes were again largest. Most pronounced increases in C fast of around 10% (equivalent to about 0.3 kg C m -2 ) resulted from the combined temperature and CO 2 increase and occurred mainly at the higher elevation sites. For all parameters examined the variability of absolute system responses across sites was generally larger than the magnitude of the mean changes resulting from any scenario. Statistical analysis of the relationship between a small set of site-specific input parameters and model outputs revealed that the most important factors determining absolute system responses under all scenarios were altitude and aspect for ET, temperature for NPP, and soil texture (i.e. clay fraction) for C fast . Absolute and relative changes due to the assumed changes in CO 2 and/or temperature depended less clearly on these factors, in particular for C fast . These results show that the interaction of the effects of elevated CO 2 and increased temperature with local site conditions causes a spatially inhomogeneous distribution of grassland responses in a topographically complex landscape, but that absolute system responses for a given temperature and CO 2 regime can be explained with very high accuracy by a small number of environmental variables.
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Resale or republication not permitted without written consent of the publisher istics and productivity according to soil, topography, climate, and management. Future climate warming with associated changes in precipitation, as projected for the Alpine region under increasing concentrations of greenhouse gases (Gyalistras et al. 1998 may effectively alter the conditions for grasslands, but the pattern of change across complex landscapes may be patchy. Differential effects along sharp gradients in climate and altitude may lead to a changed spatial distribution of productivity, which could be of socio-economic importance (Behringer et al. 2000) .
Climate change (CC), in combination with increased atmospheric CO 2 , may directly or indirectly affect grassland productivity (Riedo et al. 1999 , Nösberger et al. 2000 , and these effects are related to changes in the system carbon (C) and nitrogen (N) dynamics (Coughenour & Chen 1997) . A change in C dynamics is important because grassland soils are important C sinks (see IPCC 2000) . CC may cause a net loss of soil C, as opposed to an increase in C sequestration due to the direct effect of elevated CO 2 (Hunt et al. 1991 , Ojima et al. 1993 , Parton et al. 1994 . At present, the outcome of the interaction between these factors is uncertain. Based on historical data, Tian et al. (1999) using the Terrestrial Ecosystem Model (TEM) showed that during 1900-1994 the effects of climate variability and CO 2 on soil C in the conterminous USA were not additive. Riedo et al. (2000) concluded that in response to CC and elevated CO 2 grassland soil C may either be increased or decreased depending on location and management. A better understanding of the response of soil C to altered environmental conditions could help to develop management strategies for the protection of soil C stocks (IPCC 2000) .
Effects of CC and elevated CO 2 on grasslands have been analyzed with biophysical models at various spatial scales. At the global scale, a stimulation of net primary productivity (NPP) under moist temperate conditions was found to be the result of the stimulating effect of increased temperature on soil N availability (e.g. Mellilo et al. 1993) . However, studies at the global scale offer little information about possible effects at smaller scales which are of interest to decision makers and practitioners. In addition, it is unclear how global models are capable of reproducing even the real mean response of grasslands in a topographically complex situation. The effects of CC and elevated CO 2 on grasslands is influenced by local site conditions (Riedo et al. 1999) . Variations in site factors, such as soil type, aspect, or altitude could thus cause important spatial heterogeneity in grassland responses to CC and elevated CO 2 across a landscape. An increase in seasonal evapotranspiration (ET ) combined with increased productivity has been identified for sites without soil moisture limitation; in contrast, drier and warmer sites have experienced an increase in water use, leading to soil water limitations and declining productivity (Riedo et al. 1999 ). According to Rounsevell et al. (1996) and Riedo et al. (2000) grassland on good quality land at higher altitudes may benefit relatively more than grasslands at lower sites or sites on less favourable land.
Increasingly, ecosystem models are spatially explicit, relying on spatially distributed and georeferenced data as model inputs; thus they can be used to assess the spatial patterns in ecosystem responses (Burke et al. 1990 ). The approach depends on the availability of data derived from geographical information systems (GIS) data layers, which have varying degrees of uncertainty associated with them. Thus, the most important inputs for which the highest precision is needed must be identified. Using different data sets for temperature, precipitation, solar radiation, and soil texture, Pan et al. (1996) found that with respect to NPP estimates the impact of uncertainty associated with soil texture data is most important and that the uncertainty is more important at the smaller compared to the larger scales. Alternatively, the importance of different inputs could be assessed by analyzing their statistical relationships with process-model outputs using data for a large number of sites.
In the present study, we used the well-tested, mechanistic Pasture Simulation Model (PaSim) (Riedo et al. 1998 (Riedo et al. , 2000 in combination with the stochastic weather generator WeathGen , Gyalistras & Fischlin 1999 to investigate the factors controlling pasture responses to CC and elevated CO 2 across a representative case study region in the Swiss Alps. In a 2-step procedure, the aim was (1) to quantify the spatial variability of NPP, ET and labile soil C stocks under the assumption of a step change in CO 2 (2 × CO 2 ) and temperature, singly and in combination, and (2) to identify the relative importance of a small set of local site factors in determining the magnitude of the respective response by a statistical analysis of PaSim outputs.
MATERIAL AND METHODS

Study area.
The chosen area of Davos with the Dischma valley is located at 46.8°N, 9.8°W in the eastern part of the Swiss Alps (Fig. 1) at the border between the more humid northern Alps and the drier central Alps. The surface of the selected area is roughly 250 km 2 . The altitude across the area extends from 1500 m at the bottom of the main valley to 3200 m above sea level (asl). The main soil types are brown soil, brown podzols, and podzols. Grasslands suitable for agricultural production cover 41% of the area (Wildi & Ewald 1986).
Data.
Data from 3 sources were used: (1) A 50 m × 50 m GIS database with a digital terrain model and information on land use and soil characteristics which was built in the framework of the UNESCO programme Man and Biosphere (MAB) (Wildi & Ewald 1986) was utilized. A subset of 750 sites was extracted to obtain a grid with a resolution of 200 m. Sites with one of the following vegetation types were identified: productive meadows, subalpine unimproved meadows, subalpine pastures, and alpine meadows on acid soils. Statistical characteristics of the selected subset are given in Table 1 . (2) Hourly and daily weather records from the meteorological station Davos and daily data from 10 stations in the surroundings of the study region were provided by the Swiss Meteorological Institute (Bantle 1989 (Bantle , 1993 (Riedo et al. 1998 (Riedo et al. , 2000 .
2.3. Simulation tools. 2.3.1. Ecosystem model: PaSim version 2.5 (Riedo et al. 2000) was used. The model is driven by hourly data for temperature (T a ), precipitation (P), global radiation (I ATM,tot ), vapour pressure (vp) and wind speed (u). PaSim 2.5 was adapted to use Slope (radian) and Aspect (radian) as site-specific input parameters. In the microclimate submodel, the canopy radiation profile was calculated for parallel layers, and the energy balances for canopy and soil were calculated for energy fluxes perpendicular to the soil surface.
) is given per unit area of the virtual horizontal layer and is the sum of the direct solar radiation, I ATM,direct (W m -2 ), and the diffuse radiation, I ATM,diffuse (W m -2 ). The direct solar radiation perpendicular to the soil surface, I ATM,direct,slope (W m -2 ), is given by
where Zenith (radian) is the zenith angle of the sun and θ (radian) is the angle between the sun and the normal to the soil surface, which depends on Slope, Aspect and the zenith and azimuth angles of the sun. The diffuse radiation perpendicular to the soil surface, I ATM,diffuse,slope (W m -2 ), is calculated as
In the soil physics submodel, the soil temperature (T soil ) profile was calculated for layers parallel to the soil surface. Table 2 ) and 4 indices for soil texture (see Table 4 )
km
Study region
Stochastic weather generation and climate interpolation:
Site-specific hourly weather inputs were generated according to the method of Gyalistras & Fischlin (1999) . The method was implemented with the aid of the stochastic weather generator WeathGen (version 2.6.1) ) and the ClimShell software (version 1.6a) (Gyalistras & Fischlin 1995 .
WeathGen generates for each day the necessary hourly inputs H (s,y,m,d,h) (where s, y, m, d and h denote a given site, year, month, day and hour, respectively) based on a parameter vector κ κ (s,m) and a daily input vector D (s,y,m,d ) . The latter is given by the following 11 weather statistics: (1) daily total P, (2) daily mean I ATM,tot , and (3-11) daily mean, minimum and maximum T a , vp, and u. D (s,y,m,d ) is in turn generated for each month based on a parameter vector λ λ (s,m) and a monthly input vector M (s,y,m) . This vector consists of the following 22 monthly weather statistics: (1) the probability of a wet day, π, (2) the monthly total P, and (3-22) the monthly means and within-month standard deviations of daily mean I ATM,tot and of daily mean, minimum and maximum T a , vp, and u.
Both transitions, from monthly to daily and from daily to hourly weather, are based upon first-order Markov chain-exponential models to simulate P and first-order auto-regressive models to simulate all other variables conditional on P. Parameter vectors κ κ (s,m) and λ λ (s,m) contain the site-and month-specific stochastic process parameters, which are a series of parameters that are used to empirically predict some of the process parameters from the respective inputs (for instance, the daily transition probabilities between wet and dry days for a given month are determined based on that particular month's wet-day probability π). To ensure consistency among temporal aggregation levels, WeathGen repeatedly simulates daily (or hourly) weather sequences until the statistics of a simulated sequence for a given month (day) are sufficiently close to the respective monthly (daily) inputs. Finally, an accepted weather sequence is adjusted such that its statistics exactly reproduces the respective inputs. The use of monthly data with WeathGen has been shown to enable an accurate estimate of annually averaged PaSim outputs ).
The monthly inputs M i(s,y,m) (i = 1 … 22) were interpolated at each site according to (Davos,y,m) where m i (s,m) denotes the interpolated long-term mean of variable M i at site s and for month m, the subscript Davos refers to the corresponding meteorological station, and ∆m i (Davos,m,y) is M i (Davos,y,m) -m i (Davos,m) . Note that according to this procedure all interpolated time series have the same variability as the measurements in Davos, i.e., we did not consider any possible site or altitudinal dependencies of the higher-order moments of the M i .
To estimate a given m i(s,m) , a linear regression was first applied to predict this value from elevation and then the result was adjusted based upon an inverse distance-weighted (IDW) interpolation of elevationdetrended values (i.e., of the regression residuals) from surrounding stations (Gyalistras & Fischlin 1999) . Regression parameters were estimated using data from all stations within a search radius R around the target site. For monthly P sums, for which a dense network of climate stations was available, R was 5 km; for all other monthly inputs R was 10 km. The same R was used for IDW, and the weight of an individual station was given as (1/distance).
The parameter vectors κ κ (s,m) and λ λ (s,m) are very large (several hundreds of values per month, ) and therefore no interpolation was applied.
Instead we used at all sites the parameter values from Davos.
Parameter values. 2.4.1. Topographic and climatic parameters:
Altitude (m), Slope (radian), and Aspect (radian) for each site were extracted from the GIS database. All parameters of the weather generator were estimated from hourly data for Davos for the period 1981-1985. The 22 monthly weather inputs were derived from daily data for . Further details on data preparation have been given elsewhere ). Interpolation of all m i(s,m) was performed for the 1931-1980 baseline, with the exception of the expected values related to u. Due to lack of data, the latter were determined for the baseline 1971-1990. Long-term measurements that covered the baselines were available at several stations only for monthly mean T a and monthly total P. For all other variables long-term data were available only at Davos. Therefore, where possible, prior to interpolation station records were extended to cover the entire baseline period. This was accomplished with the aid of the ClimShell software as follows: First we searched, separately for each climate station, month, and variable M i , the long-term climate station for which the correlation between the 2 M i time series from the 2 stations was maximized. Only station pairs with at least 15 yr (monthly total P) or 5 yr (all other variables) of common data were considered. Then the record at the target station was extended based on a linear regression from the long-term station found.
This procedure resulted into a varying station network, depending on the variables considered: For interpolation of the m i related to vp, only data from 2 stations were available (Davos and Weissfluhjoch). For all other variables we used in all cases 1 further station (Stillberg); for monthly mean T a and monthly total P, in addition to Stillberg, 2 and 13, respectively, further stations in the vicinity of the Dischma valley were used.
Ecosystem model input parameters:
Hourly weather data were generated as described above. Most of the other PaSim input parameters could be derived from the GIS database, or were estimated from other sources, as described below. For the remaining input parameters, standard settings obtained from other Swiss grassland sites were used (Riedo et al. 1998) .
Grazing by lactating cows was used as the only management option. The stocking density of lactating cows was varied each day in such a way that the leaf area index of the sward remained near the value of 2 m 2 m -2 during the growing season. Animal live weight was assumed to be 600 kg, and the potential intake rate was set to 14 kg dry weight ind.
. The number and depth of the soil layers and the depth of the groundwater level were derived from the GIS database with 4 levels of the rooting depth and 4 levels of soil wetness. The number and depth of soil layers were determined from rooting depth according to Table 2 , but in cases where one of the levels of soil wetness was available, the number of soil layers was reduced so that the deepest soil layer was above the groundwater level, as derived from soil wetness according to Peyer & Frei (1992) (Table 3 ). The depth of the soil boundary layer was set to the groundwater level if soil wetness was available (Table 3) . If not, it was assumed that there was no groundwater level, and the depth of the soil boundary layer was determined from rooting depth ( Table 2) . Soil texture, i.e., the fractions of sand, silt, and clay, was derived from the 4 levels given in the GIS database (AG Boden 1994) ( Table 4 ). The calculation of the remaining input parameters is described in Appendix 1.
Ecosystem model initial values:
The initial condition for root dry matter was calculated as a function of the actual forage yield and the vegetation unit, as derived from the GIS database. The following yield to root dry matter ratios were assumed: 1 to 2 for productive sites and 1 to 4 for unimproved sites (von Wyl 1987) .
For the simulation with present-day climate and CO 2 the initial conditions for C and N in different soil organic pools for site 1 were set to the equilibrium values calculated for Davos (Riedo et al. 2000) . For site n, values obtained for site n -1 after 48 yr of simulation were used. With changed climatic and/or CO 2 conditions, initial conditions for C and N were set to values obtained at the end of the respective 48 yr reference simulation at the same site. For the remaining initial conditions, standard values were used (Riedo et al. 1998) .
2.5. Simulation experiments. Four simulations were carried out: (1) Current: reference run using presentday climate and 350 ppm CO 2 ; (2) 2 × CO 2 : present-day climate and 700 ppm CO 2 ; (3) ∆T: increase in T a by 2°C and 350 ppm CO 2 ; (4) 2 × CO 2 + ∆T: increase in T a by 2°C with 700 ppm CO 2 .
PaSim was driven by 48 yr of hourly weather data obtained as follows: (1) WeathGen was used to simulate 24 yr of site-specific hourly data. (2) The data were recycled to obtain a 48 yr record.
(3) For ∆T and 2 × CO 2 + ∆T, WeathGen inputs were adjusted by adding 2°C to the monthly input time series for daily mean, minimum, and maximum T a , while the diurnal course and withinmonth or year-to-year variability of T a were left unchanged. All other monthly input variables and climate parameters were used as described above (Section 2.3). ), and the total of the soil organic C (SOC) in the system which is in the labile and not in the passive pool, C fast (kg C m Because ET % and NPP % were strongly positively skewed, they were used after log-transformation. Eight site-specific parameters X i (i = 1 … 8) were used to describe environmental conditions: slope, sine and cosine of aspect, altitude, rooting depth, texture, annual P sum, and annual mean T a . Values of X i were standardized to zero mean and unit variance such that they entered the subsequent analysis with equal weights. Finally, for each Y or ∆Y % we determined optimal multivariate linear regression models to predict this variable from a subset of X i . Due to the standardization of X i , the coefficient b i in a given regression equation Y or ∆Y % = a + b i X i represents the system response per unit standard deviation change in a given X i .
The optimal regression model used a minimum number of predictors, but still maximized r 2 ; S-PLUS Software (Statistical Sciences 1995) was used with stepwise addition or removal of predictors. The former retained 3 to 8 (all) predictors, whereas the latter yielded more parsimonious models (2 to 6 predictors) with only small reductions in model performance (r 2 smaller by typically less than 1%). We report only results obtained with stepwise addition.
RESULTS
Variability in grassland responses
The range and the frequency distribution of ET, NPP and C fast across the 750 selected grassland sites were similar under current and changed climatic and/or CO 2 conditions, as shown by the box plots (Fig. 2a) . 2 × CO 2 partially offset the increase in ET induced by ∆T, but this scenario caused an additional increase in NPP. The effect of the different scenarios on C fast was relatively small. For NPP, ET and C fast the variability was generally larger than the magnitude of the mean changes resulting from any scenario. The largest relative changes were found for NPP in response to the combination of 2 × CO 2 and ∆T, and for ET in response to ∆T. Much smaller relative changes were found for C fast ; with 2 × CO 2 C fast increased for the majority of sites by <10%, whereas ∆T had small and variable effects on C fast . In response to 2 × CO 2 + ∆T, mean C fast increased by about 5%.
Distribution of grassland responses
To obtain a visual picture of the spatial distribution of the grassland responses to the combined 2 × CO 2 + ∆T scenario, the absolute and relative changes obtained for each selected site were plotted in combination with a 3-D presentation of the topography. The spatial pattern of the NPP response showed that the relative change increased with altitude, i.e., largest relative NPP stimulation of >100% was obtained for the highaltitude, low-productivity meadows (Fig. 3a) . In contrast, largest changes in absolute terms were obtained for the most productive sites located at the bottom of the valley with increases > 0.15 kg C m -2 yr -1 (Fig. 3b) . A similar spatial visualization was carried out for C fast . The plot for relative changes in C fast shows less of a consistent trend with altitude, as compared to NPP (Fig. 4a) , and the distribution of absolute changes indicates only a weak relationship between the relative changes in C fast and NPP (Fig. 4b) . Unlike in the case of NPP, for which similar changes were obtained for both aspects, a clear difference between the changes in C fast on the 2 mountain ridges (Jakobshorn vs Schwarzhorn) appeared in the plot, indicating the influence of factors other than altitude on the response of C fast .
Regression analysis
Regression analysis with stepwise addition of predictors revealed the most important factors determining the 25 Fig. 3 . Spatial distribution of (a) relative and (b) absolute shifts in NPP with the combination of 2 × CO 2 and a spatially and annually uniform increase in temperature by 2°C (∆T) b a spatial variability of absolute system responses. The most important factors are identified by the largest change per unit standard deviation. These were Altitude for ET, T a for NPP, and soil texture for C fast (Fig. 5a) . The relationship of ET with Altitude was negative, while soil texture and T a were positively related to C fast and NPP, respectively. Higher values for soil texture represent soils with increasing clay and silt fractions, and a decreasing sand fraction. Relative changes in the response to 2 × CO 2 or ∆T were generally less well explained by linear models (Fig. 5b) . The relative change in ET was positively influenced by Altitude, and the change in NPP negatively by T a . C fast was positively related to both altitude and T a , and to a lesser extent to soil texture.
DISCUSSION
The interaction between the effects of 2 × CO 2 and/or increased T a (∆T ) with local site conditions causes a spatially inhomogeneous distribution of the grassland responses across this alpine landscape. This is plausible, since it is well known that elevated CO 2 effects on plants are influenced by water and nutrient availability and that relative responses tend to be larger under conditions of limited resources (see Idso & Idso 1994) . In agreement, the largest absolute changes in NPP were obtained for the most productive sites (Fig. 3) , whereas at higher sites, i.e., near the limit for grassland production, absolute changes become small, but rela- Fig. 4 . Spatial distribution of (a) relative and (b) absolute shifts in the labile fraction of soil C (C fast ) with the combination of 2 × CO 2 and a spatially and annually uniform increase in temperature by 2°C b a tive changes are largest. This general trend confirms results obtained for upland and lowland sites in Britain (Thornley & Cannell 1997) . The vertical differentiation in absolute productivity changes could have practical implications. For instance, the area under production could be reduced to the most productive areas, while marginal grassland sites would be abandoned in the absence of economic incentives (Behringer et al. 2000) . But, even at similar altitudes, sites-specific responses may differ because of differences in nutrient availability, soil characteristics, or microclimatic differences.
The range of simulated ET under current conditions agrees well with measured data from alpine sites , and the stimulation of ET with 2 × CO 2 and ∆T agrees with results from previous simulations for wet sites ). These results confirm that under the conditions prevailing in the alpine region a reduction in leaf transpiration with 2 × CO 2 is more than compensated for by the stimulation by higher T a (Riedo et al. 2000) . The variability in the response of ET to 2 × CO 2 + ∆T was mainly determined by Altitude (Fig. 5) . With decreasing T a , corresponding to increasing altitude, the modelled CO 2 responsiveness of photosynthesis declines, while the plants' sensitivity to temperature increases (Riedo et al. 1999) . Hence, at higher altitudes effects of changed T a , as the most important factor influencing NPP (Fig. 5) , dominate over the 2 × CO 2 effect on plant growth. The increase in growth, combined with stimulated ET, could lead to higher system water use, and, consequently, to reduced soil moisture. This negative feedback was demonstrated by Rounsvell et al. (1996) for upland areas in the UK. However, our simulations show that in the selected alpine region soil water availability is not becoming a limiting factor with an increase in T a by 2°C combined with increased ET. With an annual P of 960 to 1260 mm (Table 1 ) and values of about 700 mm for the growing season , the calculated ET of < 400 mm remains below P even under the warmer conditions, and when taking into account a surface runoff of 3 to 5% of P (Prasuhn & Braun 1994) . Clearly, the situation could change if a CC scenario with significantly reduced P were to be applied. Current scenarios for the Alps indicate spatially and seasonally complex patterns of changes in P in response to global warming (Gyalistras et al. 1998, The accumulation of SOC reflects the net ecosystem production, i.e., the balance between ecosystem primary productivity and decomposition. Changes in SOC have attracted interest because of their importance as a major source of system stability, and because of the need to protect or even increase soil C pools to counteract the raise in atmospheric CO 2 (Batjes 1998 , IPCC 2000 . The increase in NPP by 0.1 kg C m -2 yr -1 on average with 2 × CO 2 + ∆T (Fig. 2a ) could be associated with increased SOC content, provided that net below-ground productivity increases as well. As shown by Rastetter et al. (1997) , accumulation of soil C on the time scale of centuries is determined by the increase in total ecosystem N. In managed grasslands, typically N is not limiting and thus the conditions are favourable for C sequestration under elevated CO 2 (Cannell & Thornley 1998) . However, in our simulations, changes in the labile C pool (C fast ) were small compared to the changes in NPP. The results indicate that C fast declines at some sites by up to 10% with ∆T, in agreement with results from other studies (Parton et al. 1994 , Thornley & Cannell 1997 . With an increase in T a by 5°C, Coughenour & Chen (1997) found a decline in SOC by 20 to 30%. The sites exhibiting soil C losses under changed conditions tend to be located in the productive lower-altitude valleys. However, at other sites in the study region, absolute C fast increases with 2 × CO 2 + ∆T. These sites occur at the higher altitudes, where the relative T a response of NPP is largest (Figs. 4 & 5) . Hence, at these sites the higher C input to the soil via increased NPP overcompensates for the loss of soil C resulting from faster decomposition. This indicates that the outcome of the balance between C input and C loss depends on the working point with respect to T a . However, the relative change in C fast in response to climate warming and/or elevated CO 2 is not related to a single site factor (Fig. 5b) . The results suggest that a specific response results from the interaction of soil texture, altitude and T a , and thus it is difficult to predict with linear regression models. The interactive effects of the various factors on C fast appear to differ between the 2 mountain ridges; this can be related to the difference in topography. Whereas the slope facing south-west is more plain, the slope facing south-east includes at least 2 smaller valleys formed by streams. Apparently, inside these valleys conditions are more favourable for NPP and C storage, with slightly higher temperatures and earlier disappearance of snow cover, as compared to the slope at the opposite side of the valley. According to the regional soil map, current soils in these small valleys contain higher amounts of humus and differ in texture (Wildi & Ewald 1986) . The most important factor determining C fast under all scenarios was soil texture, thus confirming the relationship obtained by Burke et al. (1990) . C fast is positively related to increasing clay plus silt contents of the soil. It is known from field measurements that SOC content tends to be higher when C mineralization rates are reduced, such as in soils with a high clay or clay plus silt content (Hassink 1994) . Clay-rich soils often occur at sites with high P (Burke et al. 1989 ), which is not indicated by the regression analysis, whereas the direct influence of texture is very clear (Fig. 5) . Overall, the simulations reveal that for the majority of sites, in particular for cooler sites with soils high in clay content, C fast increases by up to 10% in response to climate warming and/or elevated CO 2 , which is equivalent to approximately 0.3 kg C m -2 . This increase is in contrast to the small net C loss predicted for humid temperate grasslands worldwide (Parton et al. 1994 ), but in agreement with results from simulations for grazed pastures (Thornley & Cannell 1997) .
Overall, it can be concluded that the distribution of temperate grassland responses in a topographically complex landscape is spatially inhomogeneous, but that absolute system responses can be explained with very high accuracy by a small number of environmental variables.
CONCLUDING REMARKS
The approach used here allows the variability in system responses across an entire alpine landscape to be quantified; it relies on a mechanistic ecosystem model in combination with georeferenced data as inputs. This automated method is highly data-demanding, but it allows the most important site factors determining ecosystem responses to be identified (Fig. 5) . However, the results are influenced by uncertainties in the input data sets. The precision of several site-specific parameters (e.g. the soil type, rooting depth, bulk density, etc.) was limited, and several uncertainties were introduced due to the natural variability of climate and the spatial interpolation of climatic parameters, in particular for solar radiation and wind speed parameters, and due to the higher-order moments of weather variables needed for stochastic weather generation. Moreover, PaSim includes several critical assumptions, such as the dependence on altitude of plant growth which was fitted to field observations (Riedo et al. 2000) . Finally, because of a response time of C fast of about 34 yr for the site Davos (Riedo et al. 2000) , the restriction of the simulation experiments to 48 yr caused an uncertainty of up to about 10% in the absolute results of C fast .
Due to the large number of inputs, it is difficult to assess the representativeness of our results for other regions. However, within the range of validity of the ecosystem model, there are several reasons why the results can be considered qualitatively robust and applicable also to other cool temperate regions: (1) PaSim is a general grassland model and has been shown to perform well under a range of conditions (Riedo et al. 1998) ; the soil biology submodel is based on the CENTURY model, which has also been tested under a wide range of conditions (Burke et al. 1989 , Gilmanov et al. 1997 . (2) In this study, sensitivities were tested at a large number of sites covering a wide range of working points. (3) The year-to-year variability of climate by performing at each site simulations for a large number of years was accounted for. (4) As shown elsewhere , the annual response of the ecosystem model can be estimated with good accuracy from monthly weather data.
The results from the regression analysis of local process-model outputs and selected inputs could be used to establish efficient statistical models of grassland responses to environmental factors. These models could be applied over larger areas to explore the sensitivity of key ecosystem properties to a variety of CC scenarios. Generally there was a good fit of the simple regression models, and more sophisticated and robust statistical models could readily be constructed. For more practical applications, a robust, overall picture of likely changes as obtained in the present study would be sufficient (Behringer et al. 2000) . However, any such modelling efforts should take into consideration that the statistical relationships between environmental factors and system outputs depend on the working point chosen for both CO 2 and climate. This suggests that purely empirical approaches to project grassland responses to CC and elevated CO 2 would be of limited applicability. 
